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1 INTRODUCTION 
Vegetation plays an important ‘hydrological’ role in 
the stabilization of geostructures. 
Water extracted through the root system by transpi-
ration increases the negative pore-water pressure 
(Garg et al.(2015)) and  the plant-induced suction 
decreases the soil permeability, impeding rainfall in-
filtration(Ng and Menzies(2007)). This double-effect 
of increasing and retaining soil suction due to the 
presence of vegetation has an effect on the mechani-
cal response of the ground (Fredlund et al.(1978); 
Simon and Collison (2002); Pollen-Bankhead and 
Simon(2010)). 
 The formulation of a model to predict the suction 
profile within the soil due to the presence of vegeta-
tion would be a first step towards the application of 
vegetation for soil stabilization.  
A key aspect is the definition of an outward water 
flux associated with the vegetation, i.e. the hydraulic 
boundary condition of the geotechnical system. Be-
cause the soil and the plant form a continuum with 
the atmosphere (SPAC – Soil-Plant-Atmosphere 
Continuum), the characterisation of the hydraulic 
boundary condition requires an understanding of the 
interplay between these three components.  
This paper presents an experimental setup aimed 
at investigating the ‘continuum’ response of silty 
soil vegetated with grass and the influence on the 
outward water flux. The soil is monitored using 
TDR probes and high-capacity tensiometers to 
measure volumetric water content and matric suction 
respectively. Atmospheric conditions are varied in 
terms of relative humidity and air velocity. Transpi-
ration is measured via a balance. Preliminary results 
are presented in the paper to demonstrate the coher-
ence of the measurements and the effect of vegeta-
tion on the hydraulic response of the soil. 
2 BACKGROUND 
Evapotranspiration (ET) can occur in two different 
regimes, which are referred to as ‘energy-limited’ 
and ‘water-limited’.  
In the energy-limited regime, evapotranspiration 
is controlled by the evaporative demand of the at-
mosphere, which is in turn controlled by the solar 
radiation and the air relative humidity. Evapotranspi-
ration occurs at its maximum rate and is referred to 
as Potential Evapotranspiration (PET). 
In the water-limited regime, the soil-plant hydrau-
lic system is not able to accommodate the evapora-
tive demand of the atmosphere and the Actual Evap-
otranspiration (AET) is lower than the potential 
evapotranspiration (A𝐸𝑇 < 𝑃𝐸𝑇). The drop in actu-
al evapotranspiration with respect to the potential 
evapotranspiration depends on the hydraulic re-
sponse of the soil-plant hydraulic system.  
Potential evapotranspiration in the energy-limited 
regime can be expressed by the Penman-Monteith 
equation (Monteith 1965): 
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ABSTRACT: This paper presents an experimental setup to study the SPAC (Soil-Plant-Atmosphere Continu-
um) and the mechanisms of water extraction by vegetation. The infiltration column was equipped with TDR 
probes and High-Capacity Tensiometers to monitor the profiles of volumetric water content and suction re-
spectively. A balance was used to monitor the evaporation/evapotranspiration rate. Experiments were run in 
parallel on a bare sample and a soil sample vegetated with grass respectively. Two different evapora-
tion/evapotranspiration regimes were imposed by considering natural and forced ventilation. The experi-
mental setup was able to capture the transition from the energy-limited to the water–limited regime. The pro-
files of water content and suction recorded by TDR probes and the high-capacity tensiometers where coherent 
with the different stages in the evapotranspiration process. The response of the TDR probes has also been 
successfully validated by comparison with measurements of water content by oven-drying. 
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where L [J kg1] is the latent heat of vaporisation of 
water at the air temperature T(z), PET [kg m2 s1] 
the potential evapotranspiration rate,  [Pa °C1] the 
slope of the saturation vapour pressure curve at the 
air temperature T(z),  [Pa °C1] the psychrometric 
constant at the air temperature T(z), Rn [W m
2] the 
rate of net radiation, a the air density [kg m3], cp [J 
kg1 °C1] the specific heat of air, pv0 [Pa] the satura-
tion vapour pressure at the air temperature T at the 
elevation z, RH the relative humidity at the elevation 
z, ra [s m
1] the resistance term for the aerial 
transport of water vapour from the canopy, rc [s m
1] 
the canopy resistance (resistance at the leaf level of 
the transpiring crop).  
The aerodynamic resistance ra is a function of the 
wind velocity and surface roughness. As an exam-
ple, the following empirical equation was proposed 
by Penman (1956) for mown grass:  
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where vx [m s
-1] is the wind velocity at 2m height.  
3 MATERIALS AND METHODS 
3.1 Experimental setup 
Two cylindrical columns were implemented, the first 
one to accommodate a sample vegetated with grass 
and a second one left bare to operate as a control 
(Figure 1). Holes were machined through the wall to 
install High-Capacity Tensiometers (HCT) and Time 
Domain Reflectometry (TDR) probes to monitor the 
evolution of suction and water content respectively 
at different depths (Table 1). The evaporation rate 
(bare soil) and the evapo-transpiration rate (vegetat-
ed soil) were monitored by placing each column on a 
balance. Column dimensions and instruments loca-
tion are indicated in Table 1. 
 
Table 1: Column dimension and instrument location 
Column dimension  
Inner diameter [mm] 295 
Inner height [mm] 250 
Wall thickness [mm] 9 
Instruments location (from top)  
1st level (1 TDR- 1 HCT) [mm] 40 
2nd level (2 TDR – 1 HCT) [mm] 125 
3rd level (1 TDR – 1 HCT) [mm] 210 
 
 
The bottom part of the columns was equipped 
with a filter, composed of two layers of geotextile 
and an intermediate layer of coarse sand and gravel. 
The system was connected to a water reservoir 
(Figure 1) to impose an initial hydrostatic pore-water 
pressure distribution associated with a water table at 
the same level as the top surface of the sample.  
 
 
Figure 1. Imposing an initial hydrostatic pore-water pressure 
distribution, through connection to a water reservoir (water ta-
ble at the specimen surface level). 
 
3.2 Soil and sample preparation 
The soil was ‘designed’ to be a well-graded material 
with an air entry value of at least a few tenths of kPa 
and a gradual transition from the saturated to the re-
sidual state. It was obtained by mixing different soils 
as shown in Table 2. The index properties of the mix 
are also reported in Table 2.   
 
Table 2: Soil mix composition and index properties 
Soil mix composition  
CH30 [%] 36 
Sand 2: CN HST 95 [%] 24 
Silt: Ventilated quartz [%]  35 
Clay: Kaolin [%] 5 
Grain size distribution  
Sand content (≤ 2 mm, %) 60 
Silt content (≤ 63 μm, %) 35 
Clay content (≤ 2 μm, %) 5 
Specific gravity 2.64 
 
An initial attempt was made to prepare the sam-
ple from slurry state and consolidate it by inducing 
evaporation at its surface. However, the soil showed 
tendency to segregate and the final density was too 
high for the herbage to develop a root system.  
The sample was therefore prepared by compac-
tion. The four soils were mixed dry and the powder 
was wetted by spraying an amount of water equal to 
24% of the mass of clay and silt (9.6% of the total 
mass of soil). The moistened powder was gently 
mixed, placed in the column, and compacted to 100 
kPa vertical stress to obtain a dry density ρd=1.85 
g/cm3. 
The two columns were then connected to the wa-
ter reservoir and the water table was imposed at the 
specimen surface level (Figure 1). The valve con-
necting the reservoir to the column was then closed 
and the samples were let dry for 7 days. At this stage 
the soil was stiff enough to drill a hole approximate-
ly 2mm diameter to insert the seeds into the sample.  
The columns were placed in a laboratory envi-
ronment at a controlled temperature (20C) and rel-
tive humidity (RH=45%). The solar radiation was 
simulated using a 36 W growth lamp, with a daily 
cycle of 14 hours of light and 10 h of darkness. 
3.3 Grass species and growth conditions 
The selected vegetation was Lolium Perenne, a grass 
species from the family of Poaceae. The plant is 
commonly used in Europe for slope stabilisation and 
erosion protection due to its ability to germinate eas-
ily. The herbaceous species was chosen for its fast 
growth as it typically germinates within 4-5 days 
from sowing. In order to obtain a relevant root den-
sity, 3 seeds were inserted in each 1-cm deep-hole, 
for a horizontal grid of 1 cm spacing in two orthog-
onal directions. The soil was kept moistened to al-
low the grass to grow. It was irrigated by capillarity 
by positioning the level of the water reservoir in cor-
respondence to the bottom surface of the two sam-
ples. 
3.4 HCT and TDR: conditioning  
High-Capacity Tensiometers were pre-pressurised at 
4MPa before use and cycles of cavitation and pre-
pressurisation were applied to improve the perfor-
mance of the tensiometer in terms of maximum sus-
tainable suction and measurement duration (Taranti-
no (2004)). After removal from the saturation 
chamber, the tensiometers were placed in free water 
for zeroing. A kaolin paste –approximately at the 
plastic limit –was applied on the tensiometer porous 
filter to ensure proper hydraulic continuity with the 
soil. The loss of water from the soil is a slow pro-
cess, the thin layer (few millimetres) of kaolin paste 
is then capable of transferring the water tension to 
the HCT with no appreciable delay—after the time 
interval necessary to reach a hydraulic equilibrium 
with the specimen (in the range of few hours).   
Each TDR probe was calibrated for travel time 
and electric length by performing measurements in 
air and demineralized water according to Tarantino 
et al. (2008). The apparent permittivity Ka was relat-
ed to the soil volumetric water content according to 
the equation proposed by Ledieu et al. (1986):  
𝜃 = 0.1138 ∙ √𝐾𝑎 − 0.1758 (3) 
where Ka is the apparent dielectric permittivity in-
ferred from the velocity of propagation of the elec-
tromagnetic wave through the probe.  
3.5 Experimental procedure  
After 15 days from sowing, the column was discon-
nected from the water reservoir and the excess of 
water was let leak through the bottom drain; the 
drain was then close. The water was let evaporate 
from the top surface of the soil in the two columns. 
Monitoring started 28 days after the grass was seed-
ed, which corresponds to Day 0 of the test.  Data 
were recorded for 29 days to track the water content 
and pore-water pressure profiles developing in the 
column due to the water loss induced by the evapo-
ration/evapo-transpiration process. The two columns 
were subjected to the boundary conditions described 
in Table 3. From day 0 to day 19, the surface of the 
samples was exposed to natural ventilation. On day 
19, a forced ventilation was imposed at the surface 
level of the two columns in order to increase the 
evaporation rate and possibly bring the sample into 
the water-limited regime.  
 
 
 
Figure 2. Boundary conditions imposed (a) BC1 – natural ven-
tilation (b) BC2 - forced ventilation 
 
 
Table 3. 'Atmospheric' Boundary Conditions during the test 
Stage BC1 BC2 
Time interval (days) 0-18 19-24 
Forced ventilation (fan) No Yes 
Daily cycle:  
 
Growth lamp (h) 14 14 
Darkness (h) 10 10 
Environmental conditions:  
 
Temperature (C) 20°C 20°C 
Relative humidity (%) ~45 %        ~45 %        
(b) 
(a) 
4 RESULTS AND DISCUSSION 
Outward water flux was derived from the measure-
ment of column weight recorded continuously by the 
balance. Figure 3 shows the water loss in terms of 
average volumetric water content av for the bare 
and vegetated column respectively calculated using 
Eq. (4):  
𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝑉𝑤
𝑉𝑡𝑜𝑡
= 𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑓𝑖𝑛 +
∆𝑚 𝜌𝑤⁄
𝑉𝑡𝑜𝑡
 (4) 
where Vw is the volume of water in the sample, Vtot is 
the total volume of the sample, av,fin  is the average 
volumetric water content of the sample at the end of 
the test, ∆𝑚 [g] is the cumulative change in mass 
with respect to the mass of the column at the end of 
the end of the test, and w is the density of water.  
The value of the final average volumetric water 
content for each column was calculated from the av-
erage of the volumetric water content measured on 
samples collected from around the TDR probes at 
the end of the test (Table 4). 
 
Table 4. Local and average volumetric water contents and total 
mass at the end of the test  
 Probe loc,final av,final Vtot  mfinal 
    [m3] [kg] 
Vegetated 
Column 
TDR 1 0.028 
0.037 0.066 35.14 TDR 2 0.041 
TDR 3 0.043 
Bare  
Column 
TDR 6 0.026 
0.041 0.066 35.71 TDR 7 0.048 
TDR 8 0.050 
 
Figure 3 shows the changes in average volumetric 
water content for the two columns for the whole du-
ration of the test. Measurements were taken under 
two sets of boundary conditions, i.e. BC1 (natural 
ventilation) and BC2 (forced ventilation).  
Figure 4 report the rates of daily evaporation and 
evapotranspiration obtained by dividing the flow 
rate by the surface area of the sample (Ø=29.5 cm).  
 
Figure 3: Volumetric water content over time for vegetated and 
bare soil 
 
BC1 corresponds to the condition of natural ven-
tilation. Evaporation/evapotranspiration appears to 
be similar for the bare and vegetated surfaces (Table 
5). There are two possible explanations for this re-
sponse. Let us rewrite the Penman-Monteith equa-
tion given by Eq. (1) by considering the case where 
the energy supply is negligible:  
𝑃𝐸𝑇 =
1
𝐿[𝑇(𝑧)]
[
𝜌𝑎∙𝑐𝑝∙𝑝𝑣0(𝑧)[1−𝑅𝐻 ]
[∆∙𝑟𝑎+𝛾 (𝑟𝑎+𝑟𝑐)]
] (5) 
For the case where the air velocity is very low, 
the aerodynamic resistance ra becomes very high as 
shown by Eq. (2). The aerodynamic resistance is 
then much greater than the canopy resistance and 
dominates the evaporation/evapotranspiration pro-
cess. As a result, flow rate appears to be essentially 
the same for the bare and vegetated surfaces.  
 
 
Figure 4. Evaporation/Evapo-transpiration rate for vegetated 
and bare soil 
 
 
As soon as ventilation is imposed (onset of BC2 
on Day 19), flow rate significantly increases as ex-
pected. This is consistent with Eq. (2) as an increase 
in wind velocity decreases the aerodynamic re-
sistance ra and, hence, generates an increase in the 
evaporation/evapotranspiration rate.  
It can be noticed that flow rate is higher for the 
bare surface compared to the vegetated surface 
(Table 5). This can be explained by the reduction in 
aerodynamic resistance ra, whose order of magnitude 
now becomes comparable to the canopy resistance 
rc. The additional canopy resistance term rc, which is 
only present for the vegetated cover, then generates 
a lower evapotranspiration rate for the vegetated 
cover compared to the bare soil.  
 
Table 5. Potential evaporation/evapo-transpiration rates  
Stage BC 1 BC 2 
ET Vegetated soil [mm/day] 1.08 3.11 
ET Bare soil [mm/day] 1.00 3.66 
After an initial stage where flow rate remains rel-
atively high for both bare and vegetated surfaces, the 
flow rate starts to decline significantly as shown in 
Figure 4 (on Day 21 for the bare surface and on Day 
23 for the vegetated surface). The hydraulic system 
enters the water-limited regime because it is no 
longer able to accommodate the evaporative demand 
of the environment (AET<PET).  
Figure 4 shows that this condition is attained first 
by the bare surface. This is because water extraction 
is concentrated at the surface for the case of bare 
soil. To accommodate the water flux, high pore-
water pressure gradients need to be generated in 
proximity of the surface, i.e. pore-water pressure is 
depleted significantly in the proximity of the evapo-
rative surface. In turn, this causes a decrease in hy-
draulic conductivity of the top layers, which adds 
significant resistance to water flow.  
On the contrary, water extraction is distributed 
along the entire root depth for the case of vegetated 
soil. Lower gradients are therefore required to ac-
commodate water flow and pore-water pressure can 
remain relatively high in the root zone. The top lay-
ers in the vegetated soil remain more conductive 
than the top layers in the bare soil resulting in a 
higher AET for the vegetated soil in the water-
limited regime.  
This pattern is corroborated by the measurement 
of pore-water pressure and water content. Figure 5 
and Figure 6 report the evolution over time of the 
profiles of volumetric water content (from TDRs 
measurement) and negative pore-water pressure 
(from HCTs measurements) for the two columns.  
During the stage of natural ventilation (BC1), the 
pore-water pressure and water content profiles re-
main similar for the bare and vegetated soil (from 
Day 1 to Day 19) and this is consistent with the 
similar flow rate measured in the two columns.  
When the samples enter the water-limited regime, 
it can be seen clearly that water content is depleted 
more in the vegetated sample compared with the 
bare sample (Figure 5). At the same time, the lower 
pore-water pressure (higher suction) developing in 
the bare soil close to the surface confirms that water 
extraction concentrated at the sample surface gener-
ates higher gradients in proximity of the surface.  
It should also be noticed that the shape of the wa-
ter content and pore-water profiles show gradients 
consistent with an outward flow (water content and 
pore-water pressures lower in proximity of the sur-
face). This demonstrates the good quality of the 
monitoring system implemented in the columns.  
At the end of the test water content was measured 
taking soil samples in the proximity of each TDR 
probe. The comparison between these values and the 
one from TDR probes, calculated using Ledieu are 
compared in Table 6. The error is very small, this 
demonstrates the good quality of the TDR measure-
ment including the use if the Ledieu calibration 
curve. 
 
Table 6. Comparison of volumetric water content measured by 
TDR and oven-drying 
 Probe 𝜃𝐿𝑒𝑑𝑖𝑒𝑢  𝜃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  ∆𝜃 
Vegetated 
Column 
TDR 1 0.013 0.0277 0.014
7 TDR 2 0.033 0.0411 0.008
1 TDR 3 0.046 0.0432 -
0.0028 
Bare 
Column 
TDR 6 0.022 0.0263 0.004
3 TDR 7 0.054 0.0481 -
0.0059 TDR 8 0.054 0.0498 -
0.0042  
 
 
 
Figure 5. Evolution of volumetric water content profile over 
time, for vegetated and bare soil. 
 
Figure 6. Evolution of the suction profile over time, for vege-
tated and bare soil. 
 
5 CONCLUSIONS 
The paper has presented an infiltration column to in-
vestigate the response of the Soil-Plant-Continuum-
Atmosphere. The experimental setup was able to 
capture the change in evapotranspiration regime as-
sociated with the transition from natural to forced 
ventilation, i.e. the transition from the energy-
limited to the water–limited regime. The profiles of 
water content and suction recorded by TDR probes 
and the high-capacity tensiometers were coherent 
with the different stages in the evapotranspiration 
process. The response of the TDR probes has also 
been successfully validated by comparison with 
measurements of water content by oven-drying.  
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